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Introduction 19
Archaea of the phylum Thaumarchaeota are among the most abundant microorganisms on the 20 planet, constituting up to 20 % of single-celled life in marine systems alone (1) . Although most 21 characterized members of Thaumarchaeota are ammonia-oxidizing archaea (AOA), the phylum also encompasses several archaeal clades for which ammonia oxidation has not yet been 23 demonstrated (e.g., Group 1.1c, and Group 1.3) (ref. 2) . These basal, non-AOA members of the 24 phylum have primarily been described in terrestrial systems such as anoxic peat soils (3), 25 subsurface aquifer sediments (4), geothermal springs (5, 6) and acidic forest soil (7) . Availability 26 of molecular oxygen on Earth is hypothesized to have influenced the evolution and habitat 27 expansion of AOA from the basal anaerobic guilds (8) . 28 
29
A deeply-branching marine thaumarchaeal clade that has eluded cultivation and genomic 30 analysis efforts is the pSL12-like group, also referred to as Group 1A or ALOHA group. First 31 detected by DeLong et al., (2006; ref. 9) in the North Pacific Subtropical Gyre at station 32 ALOHA, this clade appeared to be divergent from Marine Group 1 (MG1) AOA, clustering with 33 a hot spring-associated crenarchaeal 16S rRNA sequence pSL12 (10) . Mincer et al. (2007;  ref. 34 11) suggested that at least some members of the clade may harbor the ammonia oxidation 35 machinery, based on correlating abundances of the 16S rRNA gene and the amoA gene (amoA 36 encodes the alpha-subunit of ammonia monooxygenase; conventionally used as the functional 37 marker for AOA). The only available genomic information for the pSL12-like lineage comes 38 from a fosmid clone library generated from the Mediterranean Sea (12) . One of the three pSL12-39 like fosmid sequences recovered by Martin-Cuadrado and colleagues (2008; ref. 12 ) contained 40 genes putatively involved in nitrogen fixation; however, there has not been genomic or 41 biogeochemical evidence supporting this observation since. Several SSU rRNA gene surveys 42 have detected the pSL12-like group in various marine systems such as the Atlantic Ocean (13) , 43 Mediterranean Sea (14) , multiple Pacific Ocean transects (15) , and the Northern Gulf of Mexico 44 (16) . Despite their suggested roles in N-cycle transformations, the metabolic adaptations of the 45 pSL12-like lineage remain an open question. 46 47 Here we analyze the genomic repertoire and metabolic strategies of the pSL12-like lineage, 48 based on two metagenome-assembled genomes (MAGs) obtained from seawater incubation 49 metagenomes. In particular, we propose the existence of a form III RuBisCO-mediated CO2 50 fixation pathway in this clade, supporting heterotrophic growth on various carbon compounds. 51
The high degree of phylogenetic and metabolic separation between these MAGs and typical 52 marine thaumarchaeal clades suggests that the pSL12-like lineage represents an evolutionary link 53 between anaerobic basal clades of Thaumarchaeota and aerobic marine ammonia-oxidizers. 54
Materials and Methods 55

Sample collection, incubation, and DNA extraction 56
Water column samples for AOA enrichment incubations were collected from Monterey Bay, CA, 57
in May 2010. ASW2 was collected from 150 m at station M1 (36. was used to generate the alignment. The final tree was computed using FastTree (38) . 99
100
We used BLASTp (39) to search the MAGs for proteins of interest. Barrnap (v0.9; 101 https://github.com/tseemann/barrnap) was used to identify ribosomal features. 16S rRNA 102 sequences were aligned with reference sequences using MAFFT (40) . RuBisCO reference 103 sequences were obtained from Jaffe et al. (2009; ref. 41) . Phylogenetic trees were computed 104 using Mafft alignmnets in FastTree (38) with 1000 bootstrap replicates each. FastANI (42) was 105 used to compute average nucleotide identity (ANI) between the MAGs. 106
Assessing environmental distribution of MAGs 107
As part of the time-series microbiome survey in Monterey Bay, we previously obtained a depth-108 resolved dataset of 16S rRNA V4-V5 amplicon sequences, as well as metagenomes and 109 metatranscriptomes (43, 44) . We were able to match one of the MAG-derived 16S rRNA sequences to an operational taxonomic unit (OTU) obtained in a time-series molecular survey 111 targeting the V4-V5 region of the 16S rRNA genes. We estimated the relative abundance of this 112 OTU as well as several others that clustered with sequences from the MAGs (these sequences 113 had at least 90 % sequence identity). 114
115
We used three metagenome sets for read recruitment: MAGs. Read abundances were normalized as the number of reads mapping to kilobase of MAG 120 per GB of metagenome (RPKG). 121
Results and Discussion 122
The MAGs assembled here represent the first high-quality genomes reported for the pSL12-like 123 lineage (completion estimates for the two MAGs are 88.8% and 97.08%, with < 3% 124 contamination; Table 1 ). Their relative placement within the phylum Thaumarchaeota was 125 confirmed by both phylogenomic and single-gene phylogenetic analyses ( Fig. 1 ). Within a 126 maximum-likelihood tree computed using a concatenated alignment of 30 conserved core 127 ribosomal proteins, the two MAGs were placed as a sister-clade to all known ammonia-oxidizing 128
Thaumarchaeota of Group 1.1a (marine AOA) and 1.1b (soil AOA) ( to be missing in both genomes. The myriad of copper-containing enzymes (e.g., multicopper 139 oxidases, blue copper proteins) characteristic of AOA (47), were also missing. Since the 140 genomes are not closed, our failure to detect these 'expected' pathways/genes does not 141 definitively indicate their absence. However, there were striking differences in the overall 142 genomic repertoire of typical AOA genomes and the MAGs recovered here ( Fig. 2a ), which 143 cannot be explained by the lack of genome completeness alone. 144 145 None of the six canonical carbon fixation pathways were complete in the MAGs. It is possible 146 that these Thaumarchaeota may use the recently described reverse oxidative TCA cycle for CO2 147 fixation (48) , since the genomes contained fumarate reductases, and 2-oxoglutarate/2-oxoacid 148 ferredoxin oxidoreductases. In this pathway, a reversible citrate synthase catalyzes the 149 production of citrate from acetyl CoA. Recently, metabolic reconstructions were used to predict 150 the existence of the roTCA cycle in Aigarchaeota (6) . We take caution in asserting roTCA CO2 151 fixation in pSL12-like Thaumarchaeota, since genomic inference alone is not sufficient evidence 152 for this pathway (many of the enzymes are bifunctional and common with the anabolic TCA 153 cycle). 154
155
The presence of respiratory complexes and various organic carbon-assimilating metabolic 156 pathways (e.g., fatty acid oxidation, sugar metabolism, amino acid degradation and potential 157 methylotrophy; Fig. 3 ) suggest that these Thaumarchaeota may be aerobic heterotrophs. The regeneration in the RHP pathway involves the activity of PRK, which the organism encodes (56) . 210
In these methanogens, the ribulose monophosphate (RuMP) pathway (involved in 211 methylotrophic formaldehyde assimilation and detoxification) is hypothesized to operate in 212 reverse, fixing CO2 via RuBisCO and PRK. A key intermediate, fructose-6-phosphate, is derived 213 from gluconeogenesis, which cyclizes the pathway (56) . 214
215
While the RuBisCO sequences we retrieved from our MAGs resembled the form III-a 216 methanogen RuBisCO (Fig. 2b) , a PRK homolog could not be identified in either of the 217 genomes. Furthermore, many of the key enzymes of the RHP and RuMP pathway were also 218 absent, pointing to a different functional role for RuBisCO in these Thaumarchaeota. The complete set of genes participating in the non-oxidative branch of the pentose phosphate 248 pathway (PPP) could be identified in both MAGs (i.e., ribulose 5-phosphate isomerase, ribulose 249 5-phosphate 3-epimerase, transaldolase and transketolase; Fig. 3 ). This pathway operating in 250 reverse to generate R5P from gluconeogenesis intermediates, combined with the PRPP-(AMP)-251 RuBisCO transformations described above, might constitute a cyclic CO2 fixation pathway 252 (54, 59) in these Thaumarchaeota (Fig. 3) . The overall pathway can therefore be summarized as: PG back to fructose-6-phosphate via gluconeogenesis ( Fig. 3, and Fig. S1) . Several of the genes 257 coding for key enzymes in the proposed pathway appeared to be colocalized on the same 258 assembled contigs in both MAGs (Fig. S1 ), suggesting potential co-expression. 259 260 A gamma-class carbonic anhydrase (CA) was present in both genomes, which catalyzes the 261 interconversion of CO2 and HCO3 -. Unlike the CAs observed in terrestrial AOA, the pSL12-like 262 CAs did not contain signal peptide sequences. This suggests its involvement in intracellular 263 reversible dehydration of HCO3to CO2, facilitating CO2 incorporation via RuBisCO (or the 264 roTCA cycle, if present). 265
Distribution of the pSL12-like lineage in the water column
To assess the environmental distribution of the MAGs, we matched the MAG-derived 16S rRNA 267 sequences to a previously generated 16S rRNA amplicon dataset from the Monterey Bay 268 upwelling system (43) . One of the MAG-derived 16S rRNA gene sequences (from ASW8_bin1) 269 was an exact match to an operational taxonomic unit (OTU; #694), which comprised < 0.5% of 270 the total thaumarchaeal abundance at any given time in the depths sampled. Three other OTUs 271 were 90 % or more identical to the MAG-derived 16S rRNA sequences, but were much less 272 abundant than OTU694. At any given time, this group of OTUs only comprised at most 0.5 % of 273 thaumarchaeal abundance (Fig. 4a ). As observed in previous surveys, this pSL12-like group of 274
Thaumarchaeota appeared to be more abundant below the euphotic zone (11, 13, 15, 16) , with 275 potential seasonal variations in relative abundances. Occasional abundance peaks were observed 276 in the photic zone during spring at M1 (Fig. 4a) , which likely reflects upwelled populations 277 (station M1 is situated directly above the upwelling plume in Monterey Bay). 278
279
In recruiting metagenomic reads from Monterey Bay against the MAGs, we observed the highest 280 recruitment at 500 m for ASW2_bin45. ASW8_bin1 recruited fewer reads, but appeared to have 281 a relatively uniform abundance distribution across depths (Fig. 4b) . Additionally, the relative 282 abundances appear to change with seasonal hydrologic changes in the system (Fig. 4b) . 283
Recruitment against TARA Ocean metagenomes representing Atlantic Ocean and Pacific Ocean 284 depth profiles revealed similar depth distribution of the pSL12-like lineage (Fig. 4b) . 285
Conclusions 286
In this work, we used reconstructed population genomes to infer metabolic adaptations of the 287 elusive pSL12-like lineage of Thaumarchaeota, widely distributed in marine systems. The high-288 quality genomes described here offer a first glimpse into the genomic repertoire of a marine 289 thaumarchaeal group devoid of an exclusively chemoautotrophic energy generation strategy. 290
Only terrestrial basal lineages of Thaumarchaeota have been described thus far; the MAGs 291 presented here represent the first genomic description of a basal lineage inhabiting the marine 292 oxic environment. In this context, an especially intriguing consideration is the relative 293 positioning of the pSL12-like clade within the thaumarchaeal evolutionary trajectory. These 294
MAGs may help constrain the relative timing of the acquisition of aerobic metabolism and 295 ammonia-oxidation within the phylum. 296 297 Overall, the divergent genomic features of the pSL12-like clade significantly alter our 298 understanding of the metabolic diversity within this abundant archaeal phylum in the oceans. 299
While further biochemical characterization is warranted to confirm the proposed metabolic 300 transformations, our results suggest that obligate aerobic heterotrophy might be an overlooked 301 metabolic strategy within pelagic Thaumarchaeota. 302
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